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is accompanied by geometric remodeling of the vasculature such that the diameter increases sufficiently to accommodate the increased flow (3) .
It is well accepted that arterial dilation in response to a rapid increase in flow is mediated by endotheliumderived nitric oxide (NO) (4) . The resultant diameter increase has been proven to be endothelium-dependent in both healthy subjects as well as those with cardiovascular risk factors including uremia (5) (6) (7) (8) . However, when the hemodynamic stimuli persist, such as in a newly created AVF, structural alterations within the vessel occur which normalize shear stress and wall tension. For example, previous investigations have demonstrated that removal of the radial artery as a conduit for coronary bypass grafting resulted in a sustained increase in blood flow in the ipsilateral ulnar artery. In response to this hemodynamic modification, the ulnar artery dilated by about 9% (9) . Importantly, the increase in lumen diameter was associated with endothelium-dependent vasoreactivity, thereby sug-
IntroductIon
Due to a lower failure rate and lower risk of infection, native arteriovenous fistula (AVF) is the preferred method of providing vascular access for long-term hemodialysis (HD) patients. However, 28-53% of newly created AVF never mature adequately to be used for HD. Traditional cardiovascular risk factors such as hypertension and hyperlipidemia poorly predict AVF non-maturation, prompting investigations into other risk factors such as hemodynamic profile or vessel morphology (1) . Although strict definitions of maturation vary among vascular societies in Europe, Japan, and the United States, there is general agreement that a mature AVF can be routinely cannulated 3 times per week with two needles and deliver blood flow at 300-450 ml/min for 3-5 hr. Accordingly, the brachial artery supplying a maturing AVF must increase baseline blood flow by 10-20 fold, from about 50 ml/min to 500 ml/min or higher, to deliver the required blood volume for the AVF as well as distal tissues (2) . This increase in flow Endothelial function predicts positive arterial-venous fistula remodeling in subjects with stage IV and V chronic kidney disease christopher d. owens 1 processing imaging analysis was performed with the Brachial Analyzer, Medical Imaging Applications, Iowa City, Iowa. This software application uses edge-detection and wall-tracking software which is independent of investigator bias to capture 10 consecutive end-diastolic images.
Intra-operative and 3 month measurements of arterial and venous lumen diameters
After the satisfactory completion of the AV anastomosis and assurance of a palpable thrill within the fistula, intraoperative arterial and venous lumen measurements were undertaken. The arterial lumen dimensions were obtained 1 cm proximal to the anastomosis using a series of Mmode images with a cross section view of the artery. Five lumen diameter measurements were taken and averaged to determine the reported lumen dimension. Venous luminal dimensions under arterial pressures were obtained in a similar manner with M-mode ultrasound 1 cm distal to the anastomosis. Remodeling was calculated by subtracting the baseline lumen diameter from the 3-month lumen diameter and dividing by the baseline lumen diameter and multiplying by 100 to give a percent. Remodeling was reported separately for the artery and vein of the AVF.
Statistical analysis
Descriptive measures are reported as means ± standard deviation. Experimental measures are reported as means ± standard error of the mean (SEM). Experimental measures, including flow-mediated vasodilatation, for each patient group were compared using a paired Student's t-test. Linear regressions were performed to determine the correlation between continuous variables and Pearson's correlation coefficient reported in variables with normal distributions. Statistical significance was accepted at the 95% confidence level (p<0.05). All statistics were performed with STATA 10, College Station, TX.
rESultS

Demographics
Table I presents the baseline demographics for this cohort. Twenty-five patients participated in this study. The mean age (mean ± SD) of the participants was 64.5 ± 13.3 yrs, of which 20 (80%) were male. Six patients had already initiated HD at the time referral for the fistula and the remainder had stage IV chronic kidney disease with a mean eGFR of 17.2 ± 4.9 mL/min/1.73m 2 . The etiology of the renal impairment was variable, but the majority was from diabetes or hypertension. Access type was determined by surgeon preference and suitability of the vein as determined on pre-operative vein mapping. Eight (32%) gesting that prolonged exposure to increased flow rates results in vasodilation that is, at least in part, endotheliumdependent. However, it is currently unknown to what extent maturation of the AVF relies on endothelium-dependent mechanisms.
Therefore, we suspect that functional characteristics of the vasculature are critical to normal AVF remodeling and maturation. Accordingly, we hypothesize that remodeling of the artery and vein in a newly created AVF is associated with endothelium-dependent mechanisms as quantified by brachial artery flow-mediated vasodilation (FMD).
MEtHodS
Subjects
Twenty-five patients undergoing autogenous AVF were enrolled in this study. Patients were identified for participation in this study once a referral was made to a participating vascular surgeon for permanent vascular access. All patients had an estimated glomerular filtration rate (eGFR) <30 mL/min/1.73 m 2 or were already on dialysis and had pre-operative venous mapping demonstrating adequate artery and vein for creation of an AVF. Patients were excluded from participation if all or a portion of their fistula employed prosthetic material. Other exclusion criteria included the inability to withhold vasoactive medications or nicotine for 24 hr prior to vasoreactivity studies. All participants provided written informed consent. The protocol was approved by the Partners Human Research Committee of the Brigham and Women's Hospital, Boston, MA.
Pre-operative vascular reactivity studies
Endothelium-dependent vasoreactivity of the brachial artery was studied in the post-absorptive state (fasting since the previous midnight) in a quiet, temperaturecontrolled room. All vasoactive medication, long acting nitrates, tobacco, and caffeine were held 24 hr prior to the study. High-resolution B-mode ultrasonography of the brachial artery and vein graft was performed using a GE Vivid 7 (GE Healthcare, Fairfield, CT) ultrasound machine and a 7.5 MHz linear array probe. The brachial artery ipsilateral to fistula placement was imaged longitudinally, just proximal to the antecubital fossa with the transducer position adjusted to obtain optimal B-mode images of the near and far walls of the intima. A 6.4 cm cuff was placed on the upper arm and inflated to supra-systolic pressures for 5 min to induce ischemia. Flow-induced endotheliumdependent vasodilation of the brachial artery was determined by acquiring images at 1 min after cuff deflation. The determination of endothelial function was performed in accordance with published guidelines (10) . All post-were radial-cephalic, 12 (48%) were brachial-cephalic, and four (16%) were brachial-basilic fistulas.
Arterial and venous luminal remodeling
The baseline arterial lumen diameter for this cohort was (mean ± SEM) 3.29 ± .14 mm (range 2.35-4.78 mm), while the baseline vein was 3.19 ± .28 mm (range 1.53-7.6 mm). Arterial luminal dilation occurred from the time of implantation until 3 months, when the mean arterial lumen increased to 4.48 ± .30 mm (range 2.44-7.29 mm) for a mean increase of 20.47% ± 10.81% (range -49%-182.13%) p=.013. The mean venous diameter achieved at 3 months was 6.11 ± .41 mm (range 2.89-10.56 mm) for a 108.42% ± 17.9% (range -35.13%-214.22%) percent increase, p=.001 ( Fig. 1) .
There was a positive correlation between the magnitude of arterial luminal remodeling and venous remodeling, r=.52, p=.023 (Fig. 2) .
Flow-mediated, endothelium-dependent vasodilation and correlation with remodeling
The FMD for the entire cohort was 5.82% ± .9% indicating severely impaired endothelial function (normal value for our lab is 11-13%, data not shown) (6) ( Fig. 3) .
Chronic Kidney Disease
However, the range of FMD was from (0-17.25%) indicating considerable variability in endothelial function in these patients (Fig. 3 ). There was a significant positive correlation of ipsilateral brachial artery endothelial function and subsequent percent arterial luminal remodeling, r=.47, p=.038, as well as final venous diameter at 3 *RC radio-cephalic, BC brachial-cephalic, BB brachial-basilic, † IQR interquartile range.
Fig. 1 -A significant increase in arterial and venous lumen diameter was observed over the first 3 months of AVF creation. Despite a mean increase in luminal enlargement, there is considerable heterogeneity of remodeling [(3-month diameter-baseline diameter) ÷ baseline diameter]
X 100, in the first 3 months. receptor-dependent, endothelium-dependent, mechanism to increase forearm blood flow. These investigators noted that compared to healthy controls, endothelial function was blunted in subjects with even moderate chronic renal failure. These findings have led the authors and others to speculate that endothelial dysfunction accounts for the increased mortality in seen renal failure patients even after accounting for traditional cardiovascular risk factors. Others have shown that the arteries of CKD patients are capable of dilating to the same extent as control patients when given exogenous NO donors such as sodium nitroprusside. This observation suggests that there is no deficit in smooth muscle cell relaxation, but rather the deficiency lies in the bioavailability of NO in these patients (11, 14) . Indeed, these findings are consistent with other investigators who note total body NO is low in patients with chronic renal impairment (15, 16) . One notable difference from these previous investigations is that we used the more physiological relevant flow stimulus to detect endothelial function as opposed to a pharmacologic stimulus (methylcholine).
AVF hemodynamics and remodeling
Other investigators have characterized brachial artery diameter changes of the maturing AVF. Dammers et al noted that the brachial artery luminal diameter increased 37% from baseline to 3 months (17) . Remarkably, 16% of lumen gain occurred by the first post-operative day. Others have noted increase in vein dimensions over the first 3 months of the maturing fistula (18) . However, until now systematic studies of geometric remodeling of both arterial and venous limbs of the AVF have been lacking.
While this study is the first investigation to date to demonstrate that endothelial function is associated with arterial and venous remodeling, this finding is concordant with basic hemodynamic principles. As more blood is delivered through the venous outflow limb of the AVF, wall shear stress, proportional to the quotient of blood flow velocity and lumen diameter, will rise. Theoretically, this should lead to venous dilation to normalize the shear stress. Wedgwood et al demonstrated a high degree of correlation between the flow rate through an AVF and the venous diameter indicating that flow is a primary determinant of final venous diameter (19) . It is likely that the magnitude of remodeling depends on the hemodynamic stimuli, endothelium-derived mediators, and the baseline stiffness of the conduit; all of which can be impacted by traditional cardiovascular risk factors.
Limitations
While we have established a relationship between endothelial function and AVF remodeling, we are unable to comment on whether endothelial function is associated with clinical maturation of the fistula. Several patients months, r=.50, p=.029 (Fig. 4) . The presence of diabetes was associated with a significant impairment in the extent to which the venous side of the AVF remodeled, 59.2 ± 24.4% vs. 141.5 ± 25.4%, p=.04.
dIScuSSIon
This study has several salient findings. First, there is rapid (≤3 months) and significant arterial and venous outward luminal remodeling following the creation of an AVF as it adapts to the increase in blood flow. However, despite the mean increase in diameter, there is a considerable variability of fistula remodeling indicating heterogeneity within the population. Further, the magnitude of both arterial and venous remodeling, appear to be correlated with one another indicating the importance of arterial as well as venous remodeling in maturing fistula. Secondly, endothelial function is severely impaired in this cohort of patients with stage IV or V chronic kidney disease (CKD) compared to historically normal patients examined in our laboratory. Once again, there exists a considerable variability (0-17.25%) in endothelial-dependent vasodilation even amongst these patients with severe uremia and often multiple cardiovascular risk factors. Most notably, we have shown for the first time that the magnitude of endothelial function is associated with the percent arterial luminal remodeling and the final attained venous diameter indicating that these dynamic processes, associated with chronic exposure to a high flow milieu, are in part, endothelial dependent.
Endothelial function in uremic patients
Previous investigations have demonstrated impaired endothelial function in patients with renal impairment (8, (11) (12) (13) (14) . For example, Annuk et al (8) , used methacholine, a have not yet initiated HD, three have died; and therefore, there is limited power to make the observation. Pre-existing vein disease, previous phlebotomy, and arterial calcification also significantly impact clinical maturation and were not considered in the present study. Nevertheless, the focus of the study was on the physiological relationship between remodeling and endothelial function and not powered for clinical outcomes. Finally, multivariable modeling techniques are needed incorporating, structural, functional, demographic, as well as biochemical factors that may contribute to the maturing fistula.
concluSIon
We have shown for the first time that AVF remodeling is, in part, endothelium-dependent. As such, efforts to improve endothelial function in these patients may have clinical merit. However, further investigation is required to evaluate how this mechanism impacts clinically relevant endpoints such as fistula maturation and patency. Nevertheless, these data do suggest that brachial artery flow-rEFErEncES
